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The optimal design and control of ventilation systems is of great importance to both indoor health and building energy efficiency. 1, 2 Indoor airflow characteristics play an important role for ventilation systems due to their great influence on indoor contaminant removal effects. Simulation of airflow using computational fluid dynamics (CFD) modelling software can provide a prediction of indoor airflow and contaminant concentration by solving Navier-Stokes (NS) equations and a set of species transport equations. CFD modelling has been widely applied for the design and application of building ventilation systems. However, to satisfy high demand for practical design application and for online control of various types of ventilation systems, there are still some challenges confronting the research using CFD.
Challenges of using CFD for ventilation design and control
The first challenge of using CFD modelling for ventilation is the development of unsteady turbulence models; e.g., Large Eddy Simulation (LES) and the representation of inlet boundary conditions, and the issue is related to the prediction accuracy of indoor airflow characteristics and ventilation efficiency. Although RANS (Reynolds-averaged Navier-Stokes equations) or URANS (Unsteady RANS) has been popularly employed for ventilation simulation due to their low cost, e.g., RNG k-e model, 3 however, the accuracy is still limited due to unresolved temporal turbulent fluctuations, isotropy assumption for Reynolds stresses and low-Reynolds-number effects. RANS models were mainly calibrated for certain flows, therefore often failed to predict flow regimes such as boundary layer separation. Moreover, RANS models tend to overestimate the turbulent dissipation, thus leading to the increased wall shear stress, the delay of the wall boundary layer separation and even the wrong distribution of wall jet. These limitations could affect the accurate prediction of indoor airflow and turbulence characteristics, which is of great importance for indoor contaminants' removal effects. RANS models are not conducive to the optimal design of building ventilation system. Due to the current limitation of RANS, we therefore need to further refine the numerical equations and apply suitable LES models for ventilation simulations under the consideration of lowReynolds-number effects.
In contrast to RANS method, LES method takes into account energy cascade, which is the essence of turbulence. LES resolves the large energy containing eddies, while models small scale motions. Therefore, LES is more suitable for flows involving separations and secondary flows, which is typical for indoor airflow. However, LES is still computationally expensive for ventilation application due to high resolution grid requirements near the wall, inlet and outlet openings. 4 Currently, LES is considered a useful research tool and is expected to further expand its use in the future. 5 Solutions to reduce calculation cost using LES should be investigated. For instance, method of selfadaptive Subgrid-Scale (SGS) model can reduce 90% calculation time compared to conventional wallresolved LES, which can dynamically adjust the mixing length to better predict wall-bounded flows with the y þ of the first grid representing a wall larger than 300 unit. 6 Regarding the representation of turbulent inlet boundary conditions (e.g., using turbulent length scale and turbulent intensity), inlet turbulent quantities can have significant effects on the turbulent diffusion and indoor pollutant dispersion.
For fully developed turbulent flows, turbulence length scale can be estimated from the hydraulic diameter. For flows downstream of screens, turning vanes, perforated plates and so on, it is more appropriate to specify the characteristic length of the flow opening such as screen grid size for turbulent length scale. Turbulent intensity value can be given based on experimental measurements. To the author's best knowledge, there is no better solution to specify turbulent intensity value other than experimental measurements, which is not always available. Previous studies 7 have shown that turbulent intensity can have serious impacts on transportation of passive scalars, such as pollutant concentration, compared with turbulent length scale. Apart from the initial setup based on experiments, the problem regarding how to conveniently assign the correct magnitude of turbulent intensity is still an open issue.
Another important challenge related to the design and control of ventilation system is the complex three-dimensional building structure and dynamic mechanical movement, which could complicate turbulent diffusion mechanism and further add to the burden of the calculation cost. When looking at the impact of mechanical movement on indoor environment, the simulation using conventional dynamic mesh method is rather expensive. The momentum theory method can represent the object's motion as a momentum source of the NS equations, which could save approximately up to 90% of simulation time. 8 As to the simulation for three-dimensional complexity, zonal and multizone models have been proposed for the rapid simulation of the whole building, assuming uniform airflow characteristics either in a certain zone or the whole room without considering the need to solve momentum equations. 9 Different from Zonal/Multizone model, the fast fluid dynamics (FFD) method is another option that can solve the continuity equation and unsteady NS equations as also can be provided by the CFD. However, by neglecting turbulence effects in FFD, the simulation can run about 50 times faster than the CFD with the same numerical setting on a single CPU (central processing unit). 10 Although this may be sufficiently fast for use in the preliminary ventilation design but this may not be enough for online management control of ventilation systems.
To realize practical online control of ventilation, multi-mode ventilation systems should be considered and included in the predesign of buildings. 11 The final ventilation mode should be selected to provide the optimal indoor environment with relatively smaller ventilation rates, based on the control algorithm of ventilation assessment. For the ventilation assessment, the associated-quantified relationship between indoor environment quality and energy consumption should be investigated. The control algorithm is largely dependent on the processing of database from CFD simulations, e.g., pollutant concentration. The main challenges to develop a fast and efficiently database using CFD simulations, include the non-linearity of ventilation systems (e.g., coupling effects of airflow and pollutant concentrations), stochastic indoor environment response, 12 prediction accuracy (turbulence effects) and speed as well as large database storage capacity of the computer etc. To respond to these challenges, Cao and Meyers 13 developed low-dimensional linear ventilation models (LLVM) to illustrate the distribution of pollutant concentration inside a ventilation enclosure, as shown in Figure 1 . The 'linear' characteristics would allow LLVM to reconstruct concentration fields resulting from any type of indoor pollutant source distribution and can be very efficient to estimate indoor contaminant concentration distributions compared to CFD simulations. Moreover, LLVM is derived from the Green's function and would directly form governing equations for indoor ventilation, i.e., NS equation and contaminant transport equations, such that indoor airflow characteristics can be more accurately predicted with a proper consideration of turbulent diffusion effects, when compared with the above-mentioned FFD model. Thereby, 'low-dimension' can be interpreted as 'lower-resolution data' through volume-averaging indoor parameters (i.e., pollutant concentration) with acceptable resolution error, thus leading to much smaller data storage, tailored towards online monitoring and control for ventilation systems. Transient regimes can be solved by using a reduced-order LLVM, 14 to initiate fast prediction of Figure 1 . The pollutant concentration distribution inside the ventilation enclosure obtained (a1, a2) using a highdimensional representation (RANS) and (b1, b2) using a LLVM. 13 pollutant dispersion under steady state indoor airflow along with the initial pollutant concentration field (or pollutant sources). For online control of ventilation (shown in Figure 2 ), a 'faster-than-real-time' prediction is expected based on multi-inputs, i.e., ventilation modes, air change per hours (ACH) and pollutant sources etc. The application of machine learning methods; e.g., Artificial Neural Network (ANN) is then recommended on the basis of LLVM, which is so-called LLVM-based ANN method. 11 This can be potentially applied for the construction of artificial intelligence (AI) ventilation system. However, a question arises to be addressed by appropriate research, on what is the optimal Machine Learning method for ventilation control. For the control algorithm, the database based on a suitable ventilation assessment index would need to be evaluated, in terms of both indoor environmental parameters and energy consumption (or using ACH). The correlations of these complex environmental parameters are still complicated and are difficult to specify the relative importance (weighting factors) in environmental and energy terms.
Possible future work
The state-of-art CFD challenges for the design and ventilation online control have been critically summarized above. Except the requirement to improve the prediction accuracy and speed, the CFD-based Machine Learning method could be a potential way to facilitate the ventilation control. Some possible future work is summarized in the following.
For fast and accurate predictions of ventilation performance, two steps should be conducted in series: airflow and pollutant transport. Fast prediction methods of air pollutant are mature and reliable. 15 The development of LES model for indoor airflow prediction is deserved to be investigated by considering 'low-Reynolds number' effects and a reduction of resolution grid. Meanwhile, will the turbulent inlet boundary condition be an important factor for the prediction results? If not, is there a convenient way to justify the initial value?
For online control of ventilation system, the available fast prediction methods are mostly applied for simulations. The above-mentioned database is mainly obtained from numerical simulations. Due to the availability of software and hardware technologies, the fast prediction theory could be incorporated into practical ventilation control systems. Indoor pollutant sources are always variant, such as occupants in classrooms or public places. Once we identify the source's strength and location of the pollutant, the estimation of the initial pollutant concentration by using LLVM can be fast and efficient. Hence, the application of practical technologies of source tracing should be investigated, e.g., automated mobile sensing system or infrared thermometer measurements. The occupants' privacy should be respected in this circumstance. As to other indoor environment response, the monitoring of the corresponding environmental parameters, 16 such as pollutant concentration, temperature and humidity would be necessary. How to set up the arrangement of limited monitoring points? How to combine those limited monitoring data with numerical models for the control algorithm, e.g., dimensional matching, identification of ventilation evaluation index? When considering buoyancy effects, e.g., the appearance of heat sources, how do we correct and implement the linear ventilation systems? The rapid coupling between indoor and outdoor environments is desirable, especially in the presence of serious atmospheric pollutions. 
